Polyvinylidene fluoride-trifluoroethylene [P(VDF-TrFE) 70/ 30 mol %] copolymer can be transformed from a normal ferroelectric to a relaxor ferroelectric material after proton irradiation. The phase transition peak broadens and shifts towards lower temperature as the measurement frequency decreases. The occurrence of a slim polarization-electric field loop is another evidence of the effect of proton irradiation. In the present study, 0-3 composites are fabricated by incorporating 0.9Pb͑Mg 1/3 Nb 2/3 ͒O 3 -0.1PbTiO 3 ceramic powder into a P(VDF-TrFE) 70/ 30 mol % copolymer matrix. 0.9PMN-0.1PT ceramic is a relaxor ferroelectric with high dielectric permittivity. It was found that the relative permittivity of an unirradiated PMN-PT/P(VDF-TrFE) 0-3 composite increases with increasing ceramic volume fraction. With a dosage of 1000 kGy (where 1 Gy = 100 rad), the composite exhibits a broad peak in the relative permittivity. In the unirradiated composites, the remnant polarization increases gradually with PMN-PT volume fraction. After irradiation, the remnant polarization of the composites with different PMN-PT volume fractions is similar to that of the irradiated copolymer. Energy storage capabilities of the samples were evaluated which showed that proton irradiated composites have a potential for energy storage applications.
I. INTRODUCTION
Piezoelectric ceramic/polymer composites have the compliance of polymers which overcome the problems of brittleness in piezoceramics. By imbedding piezoelectric ceramic powder into a polymer matrix, 0-3 composites with good mechanical properties and high dielectric breakdown strength can be developed. These composites can be used in capacitor and energy storage devices. 1, 2 Since the relative permittivity of 0-3 composites are dominated by the polymer matrix, the resulting 0-3 composites also have low compared with the ceramics. In order to improve the energy storage capability, the relative permittivity of this type of composite should be increased. Hence, different ceramics and polymer matrices have been used in the past to optimize .
3-5 0.9Pb͑Mg 1/3 Nb 2/3 ͒O 3 -0.1PbTiO 3 (0.9PMN-0.1PT) is a lead-based relaxor material with very high dielectric permittivity near room temperature 6 and it also has a low remnant polarization. In this work, polyvinylidene fluoride-trifluoroethylene [P(VDF-TrFE)] ferroelectric copolymer is used as the polymer matrix because it has high compared to other polymers. 7 Besides using different materials, irradiation was also used to improve the dielectric properties of the composites. It was found that the dielectric properties of P(VDF-TrFE) copolymer can be changed significantly after irradiation. 8, 9 When the irradiated copolymer was used as the matrix, the resulting composites have higher relative permittivity which improves their charge storage capability. 10, 11 In this work, 0.9PMN-0.1PT and P(VDF-TrFE) 70/ 30 mol % were used as the ceramic inclusion and polymer matrix, respectively. The 0-3 composites were subjected to high-energy proton irradiation. Properties of the composites, including the dielectric behavior and polarization response, and their variations with ceramic volume fraction and irradiation dosage were investigated.
II. EXPERIMENT
0.9PMN-0.1PT ceramic powder was fabricated using the Columbite method. 12 First, magnesium oxide and niobium pentoxide were prereacted at 1100°C to form magnesium niobate. After the prereaction, the magnesium niobate was reacted with lead oxide and titanium oxide to give PMN-PT. This method suppressed the growth of the pyrochlore phase and thus produced PMN-PT ceramic powder with a pure perovskite phase. The powder was calcinated at 850°C and sintered at 1200°C for 2 h. In order to reduce the particle size, the powder was ball milled in ethanol for 10 h. The P(VDF-TrFE) 70/ 30 mol % copolymer powder was supplied by Piezotech Co., St. Louis, France. 0-3 composites were prepared by solvent casting. The copolymer powder was dissolved in methylethylketone and then the ceramic powder was added. Ultrasonic agitation was used to disperse the powder. The mixture was continuously stirred at 60°C during evaporation of solvent until the composite was almost dry. Then, the composite was dried at 80°C in an oven overnight to ensure the complete evaporation of solvent and moisture.
The bulk composites were fabricated by hot pressing. The dried composite was cut into small pieces and then compression-molded at 230°C into composite film with a thickness of ϳ30 m. Composites with ceramic volume fractions ranging from 0.05 to 0.40 were fabricated. The bulk composites were annealed under pressure at 120°C for 2 h.
Proton (H + ions) irradiation was carried out in an accelerator (High Voltage Engineering) located at the Chinese University of Hong Kong. The energy of protons should be high enough to go through the composites so that the microstructure of the whole composite film can be modified but no protons were implanted in the polymer. The samples were irradiated by 3 MeV protons at ambient temperature in vacuum. During the irradiation process, a low beam current at a level of ϳ3.8 nA was used to prevent excessive temperature elevation in the films. The fluence rate (number of proton ions injected per unit area of the target material per second) was ϳ6.24ϫ 10 13 ions/ m 2 / s. The irradiation dosages were chosen for maximizing the relative permittivity of the composites near room temperature. Three dosages, 3.57 ϫ 10 17 ions/ m 2 ͑600 kGy͒, 4.76ϫ 10 17 ions− m 2 ͑800 kGy͒, and 5.96ϫ 10 17 ions/ m 2 ͑1000 kGy͒ were used. The samples were then electroded with chromium gold by evaporation for further measurements. After electroding, the samples should be annealed under pressure at 120°C for 2 h to improve the adhesion between the electrode and the composite. The dielectric properties of the samples were measured as a function of temperature using an HP4194A impedance/gain phase analyzer. The polarization-electric field ͑P-E͒ hysteresis loop measurements were carried out using a modified Sawyer Tower circuit at a frequency of 10 Hz.
III. RESULTS AND DISCUSSION
The distribution of ceramic powder inside the composites is revealed by using scanning electron microscopy (Leica stereo scan 440). Figure 1 shows that cross-sectional view of a composite with 0.3 ceramic volume fraction. It is seen that the powder is uniformly distributed throughout the copolymer matrix and the average particle size is around 1 m.
Before proton irradiation, dielectric properties of the composites were characterized. The relative permittivity and loss tangent ͑tan ␦͒ of the composites were measured at 1 kHz at room temperature as a function of the ceramic volume fraction as shown in Figure 2 . The relative permittivity and dielectric loss increase with the ceramic volume fraction. It was found that the experimental data agree quite well with the Bruggeman model,
where is the ceramic volume fraction of the composite. Ј and Љ͑=Јtan ␦͒, c Ј and
Јtan ␦ p ͒ are the relative permittivity and dielectric loss of the composite, ceramic inclusion, and polymer matrix, respectively. In the theoretical calculation, the relative permittivity and loss tangent of the unpoled copolymer ͑ p Ј = 11; tan ␦ p = 0.018͒ and sintered ceramics ͑ c Ј = 15 000; tan ␦ c = 0.065͒ were measured at room temperature at 1 kHz. It is found that the experimental data of the unpoled composites agree quite well with the theoretical calculation. Figure 3 shows the relative permittivity ͑1 kHz͒ of the composite with 0.3 ceramic volume fraction as a function of temperature after different irradiation dosages. In the unirradiated composite, the phase transition peak occurs at about 110°C upon heating and at about 75°C upon cooling, showing a thermal hysteresis effect.
14 Since this effect represents a typical first-order phase transition in the copolymer, the peaks in for the composite originate from the copolymer matrix. As shown in the figure, broader permittivity peaks and higher room-temperature relative permittivity are obtained after irradiation. Since the peaks move towards lower temperatures, at room temperature increases significantly. of the irradiated composites have little or no thermal hysteresis during the heating and cooling process. It indicates that the composites are no longer a normal ferroelectric after irradiation. Besides, the relative permittivity and temperature dependence can be varied by using different irradiation dosages. Among the three irradiation dosages, it is found that a proton dosage of 4.76 ϫ 10 17 ions/ m 2 ͑800 kGy͒ can maximize the relative permittivity of the composites near room temperature. Figure 4 shows the temperature and frequency dependence of the permittivity and dielectric loss of the irradiated ͑800 kGy͒ composite with 0.4 ceramic volume fraction. Both peaks of the relative permittivity and loss tangent move towards higher temperature with increasing measurement frequency. This broad diffuse and frequency dependent transition peak is a major characteristic of relaxor ferroelectrics. 15, 16 The relative permittivity of the composite is as high as 140 (at 1 kHz) at room temperature.
The electric displacement-electric field hysteresis loops of the unirradiated and irradiated PMN-PT/P(VDF-TrFE) 0-3 composites with 0.3 ceramic volume fraction are shown in Figure 5 . The unirradiated composite exhibits a typical ferroelectric hysteresis loop. For the irradiated composites, the hysteresis loops become slimmer. The proton irradiation breaks up the coherent polarization domains into nanopolar regions, resulting in converting the normal ferroelectric material to a relaxor ferroelectric. 17 With increase in the irradiation dosage, the polarization level reduces gradually while the coercive field remains constant.
The hysteresis loops of the pure copolymer and composites before and after irradiation ͑800 kGy͒ are shown in Figures 6 (a) and 6(b), respectively. For the unirradiated samples, the remnant polarization increases and the coercive field decreases as increases. After irradiation, the hysteresis loop of both the pure copolymer and the 0-3 composites become slimmer. It is noted that the size of their hysteresis loops is similar such that the remnant polarization and the coercive field of the irradiated composites are comparable to that of the irradiated copolymer. The coercive field and remnant polarization of the samples before and after irradiation ͑800 kGy͒ are summarized as a function of PMN-PT volume fraction in Fig. 7 . Both the coercive field and remnant polarization of the irradiated composites even with 0.4 ceramic volume fraction exhibit a drastic drop, reaching the levels of irradiated copolymer. The values seem to be independent of the ceramic volume fraction. The dependence of the remnant polarization and coercive field on the ceramic volume fraction is quite different from the phenomenon observed by Adikary et al. 18 which used the normal ferroelectric BST powder as the inclusion in the 0-3 composites. In their work, after irradiation, the contribution of the BST ceramic phase is clearer as the ceramic volume fraction increases. In the present study, the ceramic inclusion used is a relaxor ferroelectric 0.9PMN-0.1PT ceramic powder which is not subjected to conversion from ferroelectric to relaxor phase upon proton irradiation. The ferroelectric properties of the irradiated composites, even after increasing the content of the relaxor ceramic phase, are comparable to that of the irradiated copolymer.
For electrical energy storage application, the stored energy density is an important parameter in a linear dielectric material. Since ferroelectric materials have nonlinear dielectric properties, the density of energy stored in a nonlinear dielectric material J is given by
where E is the electric field, D the electric displacement, 0 and r are the permittivity of vacuum and relative permittivity, respectively. 19 Based on the equation, the energy storage of a dielectric system mainly depends on the electrical breakdown strength and the relative permittivity. Figure 8 shows a typical D-E hysteresis loop in a normal ferroelectric material and the shaded area represents the energy per unit volume available upon discharge. 20 Figure 9 shows the energy storage of the unirradiated and irradiated composites as a function of , which was quantitatively determined (under an electric field of 80 kV/ mm) from the D-E loops shown in Fig. 6 . It is seen that, for both unirradiated and irradiated samples, the energy storage increases with the ceramic volume fraction. By comparing the D-E loops of the copolymer and composites, it can be seen that the loops become slimmer with increasing so that the energy storage increases with . Similarly, irradiated composites show higher energy storage than that of unirradiated composites because the hysteresis loops of the composites are also slimmer after irradiation. For unirradiated composites with low , there is not much difference of energy storage compared with the copolymer until is greater than 0.2. Since the energy storage of the unirradiated composites mainly contributed by the high dielectric ceramic inclusion, an almost linear increase in energy storage with can be seen. In the irradiated composites, a steep increase in energy storage can be observed even when is low ͑ = 0.2͒. The energy storage capability of the irradiated composites is not only contributed by the relaxor ceramic inclusions, but also by the relaxorlike polymer matrix. When comparing the different proton dosages, the energy storage of the samples increases with the dosage. The energy storage of the irradiated composites is much higher than that of nonpolar polymer/antiferroelectric ceramics 
IV. CONCLUSION
The dielectric properties and polarization response of proton irradiated 0.9PMN-0.1PT/P(VDF-TrFE) 0-3 composites have been studied. With the combination of two high relative permittivity phases, the dielectric properties of the composites can be improved significantly. After irradiation, the dielectric peak broadens and the transition temperature shifts to a lower temperature (from 75°C to 35°C). With an irradiation dosage of 800 kGy, the room temperature relative permittivity of a 0-3 composite with 0.4 ceramic volume fraction is 140. Both the coercive field and remnant polarization of the irradiated composites drop substantially to the level similar to that of the irradiated copolymer. The energy storage capability of the composites is significantly increased after irradiation.
